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APPARATUS AND METHOD FOR 
IMPROVING BALANCED STEADY - STATE 

FREE PRECISION IN MAGNETIC 
RESONANCE IMAGING 

relaxometry because a deviation from the true bSSFP signal 
model introduces false relaxometry estimates . 

SUMMARY OF THE INVENTION 

15 

CROSS - REFERENCE TO RELATED It is accordingly an object of the invention to provide a 
APPLICATION magnetic resonance imaging method and apparatus which 

overcome the above - mentioned and other disadvantages of 
This application claims the priority , under 35 U . S . C . $ the heretofore - known devices and methods of this general 

119 , of European patent application EP 15 167 175 . 7 , filed 10 type and to provide a method and an apparatus for improving 
May 11 , 2015 ; the prior application is herewith incorporated MR images obtained by the bSSFP imaging technique . 
by reference in its entirety . With the foregoing and other objects in view there is 

provided , in accordance with the invention , a method for 
BACKGROUND OF THE INVENTION improving intensity homogeneity of image data acquired 

using a balanced steady - state free precision ( bSSFP ) 
Field of the Invention sequence in magnetic resonance ( MR ) imaging , the method 

comprising : 
The present invention lies in the field of magnetic reso performing multiple bSSFP sequences with different radio 

nance imaging ( MRI ) and relates , generally , to balanced . . frequency ( RF ) phase increments by using a MR imaging 
steady - state free precision ( bSSFP ) imaging in magnetic w apparatus , to generate multiple bSSFP image volumes with 
resonance ( MR ) . different phase offset Ø of an object to be examined , each 

Balanced steady - state free precision — bSSFP — is an image volume containing voxels having intensities M that 
are a function of a nuclear resonance signal , and wherein a imaging technique in MR providing a very high signal - to position and a size of the voxel is defined by a field of view noise ratio ( SNR ) in comparison to other MR imaging 25 ( FOV ) and a desired resolution ; techniques . However , inevitable field inhomogeneities in the a per - voxel fitting of a mathematical signal model onto a imaged object ( off - resonance effects ) lead to periodic signal measured magnetization M of the FOV as a function of the 

modulations in BSSFP , which typically manifest themselves phase offset Ø ; in the resulting images as regions with reduced or cancelled determining from the fit a spin density Mo , a relaxation 
signal or so - called banding artifacts . FIG . 1 shows an 30 time ratio A and a local phase offse time ratio A and a local phase offset Aø for each voxel ; example of a typical case of such a signal void at the nasal generating a homogeneous image of the object by calcu 
cavity in a bSSFP image of the human brain caused by such lating a new signal intensity M ( o ) for each voxel , using the 
local field inhomogeneities . previously obtained spin density M , and the relaxation time 

Constructive Interference in Steady State ( CISS ) , ratio A , and choosing AQ so that 0 - 40 = 0° , in order to 
addresses this problem of banding artifacts by sequentially obtain the homogeneous image of the object . 
acquiring two ( or more ) BSSFP datasets with different In other words , the objects of the invention are achieved 
radio - frequency ( RF ) phase increments . The different RF with respect to a method for improving intensity homoge 
phase increments add a constant phase to the object to be neity of image data acquired from a bSSFP sequence in MR 
imaged , effectively moving the location of signal voids imaging by removing the banding effect , the method com 
spatially . The images can subsequently be combined with prising : 
different methods , such as sum - of - squares ( SOS ) or maxi performing multiple bSSFP sequences with different radio 
mum intensity projection ( MIP ) reconstructions , in order to frequency ( RF ) phase increments by using a MR imaging 
obtain banding - free images ( see e . g . Casselman , Jan W . , et apparatus in order to create multiple bSSFP image volumes 
al . , " Pathology of the membranous labyrinth : comparison of 45 ( 1 . e . a bSSFP image series ) with different phase offsets o of 

an object to be examined , wherein each image volume T1 - and T2 - weighted and gadolinium - enhanced spin - echo comprises voxels whose intensities M are a function of a and 3DFT - CISS imaging ” , American Journal of neuroradi 
ology 14 . 1 ( 1993 ) : 59 - 69 ) . nuclear resonance signal ( or magnetization ) measured by the 

MR imaging apparatus . Each image voxel corresponds to a CISS is quite effective to remove banding artifacts in the sub - volume of the whole measurement volume , wherein its large flip angle regime ( for tissues , typically flip angles 50 position and size is defined by a Field of View ( FOV ) and greater than about 40 - 50 degrees are required ; for fluids flip the image resolution . According to known techniques , the angles of around 70 - 90 degrees are necessary ) , but fails at MRI apparatus will acquire the so - called nuclear resonance low flip angles . Especially at high fields , appropriate CISS signal for each sub - volume thus for each image voxel . imaging might not be feasible due to Specific Absorption Hereafter , a voxel will be referred to as both , a sub - volume Rate ( SAR ) limitations . Moreover , the reconstructed CISS 55 of the whole measured volume , defined by FOV and reso images do no longer reflect the genuine bSSFP steady - state lution , and a data - point in the image as they represent the signal amplitude . For illustration , FIG . 2 shows a CISS same volume of the object to be imaged . image reconstructed using two phase increments and com a per - voxel fitting of a mathematical signal model onto the bined by calculating the sum of squares of the two images . measured magnetization ( represented by the image intensity It can be seen that residual banding artefacts remain ( arrows 60 
in FIG . 2 ) and signal intensities differ from the genuine M ) of the FOV in function of the phase offset 0 ( i . e . the 

different bSSFP images with different RF increment ) for bSSFP signal ( i . e . higher intensities in comparison to FIG . instance by using the equation : 
A banding - free reconstruction of the genuine bSSFP 

signal is of high interest for the clinical use of bSSFP 65 M ( O ) = ( Eq . 1 ) imaging because signal voids hamper radiological reading . 
It is also important for quantitative imaging , i . e . T1 / T2 

1 ) . 
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- continued the object to be examined . For this purpose and preferably , 
Q - 40 advanced reconstruction methods such as 2sina cos ( - 2 Model - Based Reconstruction method ( see e . g . Block K . 

°1 + cosa + 2cos ( Ø – AD ) + ( 44 – 2cos ( $ – AD ) sincm ) T . et al . , “ Model - based iterative reconstruct on for 
radial fast spin - echo MRI ” , Medical Imaging , IEEE 
Transactions on medical imaging , 28 , NO 11 ( 2009 ) : 

wherein Mo is the spin density of a given voxel in the 1759 - 1769 ; or Sumpf T . J . et al . , “ Model - based non 
FOV , A the relaxation time ratio T1 / T2 , a the flip - angle of linear inverse reconstruction for T2 mapping using 
the bSSFP sequence , Ao the local phase offset caused by BO highly undersampled spin - echo MRI ” , Journal of Mag 
field inhomogeneity for said given voxel ; netic Resonance Imaging 34 . 2 ( 2011 ) : 420 - 428 ) ; or 

determining from said fit the spin density Mo , the relax Compressed Sensing method ( see e . g . Lustig M . et al . , 
ation time ratio A and the local phase offset AQ for each “ Sparse MRI : The application of compressed sensing 
voxel . Optionally , at least one of the following quantitative for rapid MR imaging ” , Magnetic resonance in medi 
parameter maps might be determined : a quantitative param cine 58 . 6 ( 2007 ) : 1182 - 1195 ) ; or 
eter map representing the spin density M , for all voxels ; a Parallel Imaging method ( see e . g . Pruessmann K . P . et al , 
quantitative parameter map representing the relaxation time “ SENSE : sensitivity encoding for fast MRI . , ” Magnetic 
ratio A for all voxels ; and a quantitative parameter map resonance in medicine 42 . 5 ( 1999 ) : 952 - 962 ; or Gris 
representing the local phase offset AD for all voxels ; wold M . A . et al . , “ Generalized autocalibrating partially 

generating a homogeneous image of said object , called 20 parallel acquisitions ( GRAPPA ) " , Magnetic Resonance 
hereafter “ trueCISS image contrast ” , by calculating a new in Medicine 47 . 6 ( 2002 ) : 1202 - 1210 ) ; 
signal intensity M ( O ) for each voxel using the previously are used according to the present invention to yield quanti 
obtained spin density M , and the relaxation time ratio A into tative parameter - maps ( i . e . the spin density Mo , the relax 
Eq . 1 , wherein AO is chosen such that 0 - AQ = 0° in order to ation time ratio 1 and the local phase offset AD ) and 
obtain an on - resonant bSSFP image , the latter being advan - 25 trueCISS image contrast without aliasing artifacts . 
tageously characterized by no signal voids and genuine Finally , the present invention also concerns a MRI appa 
USSFP signal contrast , and thus the homogeneous image of ratus for imaging an object , said MRI apparatus being 
said object . The flip - angle a is an independent variable configured for performing the method steps previously 
within the mathematical signal model ( Eq . 1 ) , and can described . 
therefore be freely chosen , advantageously providing true - 30 Preferably , each step of the method is automatically 
CISS images of any desired flip - angle even though the performed , for example , by the MR imaging apparatus , 
bSSPF image data was acquired using a different flip - angle . without human intervention . 

The FOV of an object to be examined is for example a Once more in summary , the present invention provides for 
slice of a human brain that has to be examined by means of a method for improving image homogeneity of image data 
the MR imaging apparatus . According to known techniques , 35 acquired from balanced Steady - State Free Precision ( here 
the MR imaging apparatus is indeed able to select an FOV after bSSFP ) sequences in Magnetic Resonance ( hereafter 
in said object by using gradient magnetic fields in all three MR ) imaging . The novel method comprises : 
spatial directions that are produced by gradient coils of said performing multiple bSSFP sequences with different radio 
MR imaging apparatus and to excite nuclear spins of the frequency ( hereafter RF ) phase increments by using a 
object ( s ) that are within said FOV . According to the present 40 MR imaging apparatus in order to create multiple 
invention , a bSSFP sequence is in particular used . The MR bSSFP image volumes with different phase offset 0 of 
imaging apparatus is then able to measure a nuclear reso an object to be examined , wherein each image com 
nance signal for the whole measurement volume defined by prises voxels whose intensity M is a function of a 
the FOV , said nuclear resonance signal resulting from the nuclear resonance signal ( or magnetization ) measured 
excitation of the nuclear spins within the FOV . The MR 45 by the MR imaging apparatus ; 
imaging apparatus is then able to convert said nuclear per - voxel fitting of a mathematical signal model onto the 
resonance signal into image data of the object ( also referred measured magnetization ( i . e . image intensity M ) of the 
as “ image reconstruction " ) , wherein the image comprises Field of View ( hereafter FOV ) in function of the phase 
voxels of different intensities . According to the present offsets ( i . e . the different bSSFP images with different 
invention , the obtained images are called “ bSSFP images ” , 50 RF increment ) ; 
to point out that a bSSFP sequence was used for acquisition . determining from said fit the spin density Me , the relax 
Each voxel intensity represents thus ( or is a function of ) the ation time ratio A and the local phase offset AO for each 
intensity of the measured nuclear resonance signal for a voxel ; 
sub - volume , defined by the configured FOV and resolution . generating a homogeneous image of said object by cal 
The previously described technique is known in the art and 55 culating the signal intensity in each voxel , using the 
does not require further explanations . previously obtained spin density M , and the relaxation 

Preferably , the claimed method comprises the acquisition time ratio A in Eq . 1 , wherein Aø is chosen such that 
of a minimum of two , preferably eight , bSSFP images with 0 - A0 = 0° , in order to obtain the homogeneous image . 
different radio frequency ( RF ) phase increments in order to Other features which are considered as characteristic for 
perform a robust fit by means of Eq . 1 . Optionally , the 60 the invention are set forth in the appended claims . 
present method comprises a subsampling of the acquisition Although the invention is illustrated and described herein 
of the multiple bSSFP images with different radio frequency as embodied in an apparatus and method for improving 
( RF ) phase increments in order to achieve the same or bSSFP in magnetic resonance imaging , it is nevertheless not 
shorter acquisition time as required for CISS ( e . g . subsam - intended to be limited to the details shown , since various 
pling factor 4 when using 8 phase increments ) . Advanta - 65 modifications and structural changes may be made therein 
geously , subsampling of the acquisition allows decreasing without departing from the spirit of the invention and within 
the acquisition time required for acquiring entire images of the scope and range of equivalents of the claims . 
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The construction and method of operation of the inven - for subsampling the acquisition of the multiple bSSFP 
tion , however , together with additional objects and advan images with different RF phase increments in order to 
tages thereof will be best understood from the following achieve a shorter acquisition time . TrueCISS images based 
description of specific embodiments when read in connec on a undersampled acquisition can be reconstructed using 
tion with the accompanying drawings . 5 for example Compressed Sensing ( see FIG . 5 for an example 

of rendering the undersampled images sparse as well as FIG . 
BRIEF DESCRIPTION OF THE SEVERAL 6 showing an applicable algorithm for a CS reconstruction ) 

VIEWS OF THE DRAWING or model - based reconstruction ( see FIG . 7 ) . 
FIG . 6 presents a preferred embodiment of the method 

FIG . 1 is an illustration of a signal void at the nasal cavity 10 according to the invention that starts with an accelerated 
in a bSSFP image of the human brain caused by local field acquisition 1 of data for a FOV defined for an object to be 
inhomogeneities ( arrow ) . examined , using a standard bSSFP sequence which , how 

FIG . 2 is an illustration of a CISS image reconstructed ever , acquires only a subset of the usually required data by 
using two phase - increments combined calculating the sum skipping data samples , that results in an undersampled 
of squares of the two images as well as the remaining 15 dataset 2 . Then , according to the preferred embodiment 
artefacts in the final CISS image contrast ( arrows ) . illustrated by FIG . 6 , the method according to the invention 

FIG . 3 is an illustration of the method according to the comprises a compressed sensing reconstruction 31 . Com 
invention . pressed sensing relies on a sparse representation of the 

FIG . 4 is an example of a trueCISS image contrast image of the object in order to recover the missing data 
obtained according to the present invention . 20 samples , which were skipped during acquisition , using an 

FIG . 5 is an illustration of a transformation of eight iterative optimization . In order to transform the acquired 
bSSFP images with different phase increments into a sparse image data into a sparse representation , the present inven 
representation by applying a wavelet transform in the spatial tion proposes to use preferentially a wavelet transformation 
domain and a Fourier transform along the phase increment in the spatial domain and a Fourier transformation along the 
dimension , providing a good fundament for a compressed 25 phase increment dimension . The wavelet transformation is 
sensing reconstruction . particularly convenient since its transformed domain is 

FIG . 6 is a flowchart of a trueCISS image reconstruction sparse for typical medical images . Applying a spatial wave 
using compressed sensing according to the invention . let transformation together with a Fourier transformation 

FIG . 7 is a flowchart of the trueCISS image reconstruction along the phase increment dimension ( see FIG . 5 for an 
using model - based iterative optimization according to the 30 example black pixels mean zero or near - zero values , i . e . 
invention . the more black , the sparser ) provides the advantage that the 

result is a very sparse representation of the acquired image 
DETAILED DESCRIPTION OF THE data due to the harmonic nature of the bSSFP signal - model . 

INVENTION According to the invention , the method comprises using a 
35 conventional iterative compressed sensing optimization 

FIG . 1 is an illustration of a transverse slice of the brain technique to yield or create multiple bSSFP images 4 
acquired with a bSSFP sequence according to prior art without aliasing artifacts using the previously proposed 
bSSFP techniques . A typical signal void occurred at the sparse representation of the image data ( see , e . g . , Lustig et 
nasal cavity due to off - resonances ( see arrow ) . al . , supra , for more details on compressed sensing ) . Subse 

FIG . 2 shows a CISS image C reconstructed using two 40 quently , the method comprises a voxel - wise model - fitting 5 , 
phase increments ( Q = 0 and 0 = 180° ) combined by calcu - i . e . fitting the mathematical signal model of Eq . 1 for each 
lating the sum of squares of the two images intensities 11 , 12 sub - volume onto the corresponding voxel intensities of the 
for each voxel of the images A and B . While the CISS image multiple bSSFP images which are a function of the RF phase 
C shows fewer signal voids than the pure bSSFP image , offset , determining the three resulting parameter maps 6 . 
residual banding artefacts are visible ( arrows ) and signal 45 Finally , the method according to FIG . 6 comprises the 
intensities differ from a genuine bSSFP signal . generation 7 of an on - resonant bSSFP image in order to 

FIG . 3 exemplarily shows at the top eight acquisitions of obtain the trueCISS image 8 . 
a brain slice image with different phase increments ( also FIG . 7 presents another preferential embodiment of the 
referred to as phase - cycled bSSFP acquisition ) , at the bot - method according to the invention that starts also ( as for 
tom left , signal intensities of one voxel along the phase 50 FIG . 6 ) with an accelerated acquisition 1 of data for a FOV , 
increments ( dots ) and the fitted mathematical signal model defined for an object to be examined , resulting in an under 
( dotted line ) according to Eq . 1 , and at the bottom right , the sampled dataset 2 . According to said other embodiment , the 
three resulting parameter maps Mo , A and A obtained after method according to the invention proposes to use a model 
fitting the mathematical signal model onto the acquired based iterative optimization 32 to reconstruct the trueCISS 
bSSFP image data . The resulting parameter maps are then 55 image 8 . In this case , the mathematical signal model given 
used to synthesize an on - resonant bSSFP image by applying by Eq . 1 is used as prior knowledge to recover missing 
the mathematical signal model ( Eq . 1 ) with 0 - A0 = 0° , result - samples of the undersampled data , using an iterative opti 
ing in an image with no signal voids and genuine bSSFP mization , intrinsically estimating the required parameter 
signal contrast . A resulting image contrast is shown in FIG . maps 6 ( see Sumpf et al . previously cited for more details ) . 
4 , where it can be seen that no residual phase bands are 60 The parameter maps 6 are then used to synthesize 7 the 
present . The contrast depends purely on the genuine bSSFP trueCISS image 8 as previously described . 
signal . Furthermore and advantageously , the parameter To summarize , the present invention proposes the follow 
maps may be directly used for the quantification of tissue ing : 
properties such as the transverse relaxation T2 or proton to use the mathematical signal model given by Eq . 1 for 
density . 65 fitting a series of bSSFP images with different phase 
FIGS . 5 to 7 illustrate the present invention in the par offsets in order to obtain quantitative parameter maps , 

ticular case of using advanced image reconstruction methods wherein the fitting provides the advantage of automati 
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cally separating image information that depends on the relaxation time ratio A , and choosing 40 so that 
environment ( i . e . local field offset AD ) from tissue Q - AQ = 0° , in order to obtain the homogeneous image 
parameters of interest ( i . e . Mo , A ) . Advantageously , the of the object ; and 
parameter maps may be directly used for a quantifica using the following mathematical signal model for fitting 
tion of tissue properties such as relaxometry or proton 5 the measured magnetization M of the FOV as a func 
density ; and to tion of the phase offset : 

synthesize a phase band free image , i . e . said trueCISS 
image , with intensities according to the genuine bSSFP 
signal by applying the mathematical signal model Eq . 2sina?cos ( 9 – 49 1 onto the parameter - maps and assuming that no local 10 M ( O ) = Mo — 
field inhomogeneity is present ( 0 - A0 = 09 ) , wherein the 1 + cosa + 2cos ( 0 – A? ) + ( 4A - 2cos ( 0 - A? ) sin 
synthesized image is advantageously free of signal 
voids . Additionally , the image intensities represent the 
genuine bSSFP signal in contrary to the conventional wherein : 
CISS method ; and optionally 15 M , is the spin density of a voxel in the FOV ; 

an undersampling of the multiple bSSFP image acquisi A is the relaxation time ratio T1 / T2 ; 
tion in order to accelerate the measurement , notably by a is the applied flip - angle of the bSSFP MR sequence ; and 
using image reconstruction techniques such as com AO is the local phase offset caused by field inhomogeneity 
pressed sensing , parallel imaging or model - based itera for the voxel . 
tive optimization . 20 2 . The method according to claim 1 , which comprises 

The invention claimed is : undersampling an acquisition of the multiple bSSFP images 
1 . A method for improving intensity homogeneity of with different RF phase increments in order to reduce an 

image data acquired using a balanced steady - state free acquisition time . 
3 . The method according to claim 2 , which comprises precision ( bSSFP ) sequence in magnetic resonance ( MR ) 

imaging , the method comprising : 25 reconstructing the undersampled data by using one or a 
combination of advanced reconstruction methods selected performing multiple bSSFP sequences with different radio 

frequency ( RF ) phase increments by using a MR imag from the group consisting of : 
a model - based reconstruction method ; ing apparatus , to generate multiple bSSFP image vol 

umes with different phase offset 0 of an object to be a compressed sensing method ; and 
examined , each image volume containing voxels hav - 30 30 a parallel imaging method . 
ing intensities M that are a function of a nuclear 4 . The method according to claim 1 , wherein each step is 
resonance signal , and wherein a position and a size of automatically performed . 
the voxel is defined by a field of view ( FOV ) and a 5 . The method according to claim 1 , which comprises 

determining at least one of the quantitative parameter maps desired resolution ; 
a per - voxel fitting of a mathematical signal model onto a 35 selected from the group consisting of : 
measured magnetization M of the FOV as a function of a quantitative parameter map representing the spin density 

M , for all voxels ; the phase offset 0 ; 
determining from the fit a spin density Mo , a relaxation a quantitative parameter map representing the relaxation 

time ratio A for all voxels ; and time ratio A and a local phase offset Aø for each voxel ; 
generating a homogeneous image of the object by calcu - 40 40 a quantitative parameter map representing the local phase 

offset Aø for all voxels . lating a new signal intensity M ( 0 ) for each voxel , 
using the previously obtained spin density Mo and the 


